A fabrication process for nanoelectrodes with a nanogap of ϳ35 nm is presented. This process is based on controlled placement of carbon nanotubes on metal electrodes using an alternating-current ͑ac͒ electric field. One bundle of single-walled nanotubes ͑SWNT͒ was placed successfully between two electrodes using an ac electric field. Electrical measurement of the SWNT bundle through the two metal contacts shows nonlinear current-voltage characteristics, similar to those of the two back-to-back Schottky diodes. The nanoelectrodes were fabricated using a single bundle of SWNTs as a shadow mask. The SWNT bundle was suspended on the metal electrodes on top of the photoresist supporter using the ac electric-field alignment. After evaporation of Al and liftoff, nanoelectrodes with a gap of ϳ35 nm were successfully obtained. A simple model is proposed which suggests that gaps ranging from 10 to 50 nm can be fabricated through adjustment of the distance from the source to the substrate.
I. INTRODUCTION
Carbon nanotubes ͑CNTs͒ have emerged as a viable electronic material for molecular electronic devices because of their unique physical and electrical properties. [1] [2] [3] Since the discovery of carbon nanotubes, 2 the majority of research for electronic devices has been focused on manipulation of carbon nanotubes using the scanning tunneling microscope or atomic force microscope ͑AFM͒. 4 -12 An individual singlewalled nanotube ͑SWNT͒ was put across the Pt electrodes and imaged by AFM. 4 The current-voltage measurement showed the Coulomb-blocked effect, indicating that it is a quantum wire. SWNTs were also synthesized on the patterned catalytic islands, which were contacted with metal pads. 5 Nanotubes can be controllably translated, rotated, cut, and placed onto the predetermined sites on patterned electrodes by AFM tips. [6] [7] [8] [9] Nanotubes can also be electrically cut using AFM tips, 10 and be used as nanotweezers in AFM. 11 A simple method for permanently modifying multiwalled nanotubes ͑MWNTs͒ was demonstrated by using current-induced breakdown to eliminate individual shells one at a time. 12 All the above processes and techniques have low yield and poor reproducibility because carbon nanotubes were randomly dropped on the substrates and manipulated by STM or AFM.
In order to improve the reproducibility and yield, it is interesting to explore alternative methods for controllable placement of carbon nanotubes on substrates. Yamamoto et al. 13, 14 reported an attempt for alignment of nanotubes on the electrodes with a gap of 0.4 mm using an alternating current ͑ac͒ electric field. However, nanotubes were only accumulated at the edge of electrodes, not across the two electrodes. Chen et al. 15 improved this method by using microfabricated electrodes with a smaller gap of ϳ20 m. However, Chen et al. 15 only obtained dense carbon nanotubes aligned across two electrodes. In order to achieve controllable placement of carbon nanotubes using an ac electric field, one or a few nanotubes must be aligned across two electrodes. Up to now, no report has been found in this regard. Smith et al. 16 reported alignment of Au nanowires using an ac field on Si 3 N 4 film with electrodes buried below the dielectric film. The nanowires were not aligned well with the direction of the electric field and also not directly across the two electrodes, but instead were aligned on the insulator. The misalignment may be caused by the reduced electric field due to the Si 3 N 4 film coverage on the electrodes.
Because of their uniquely small diameter, single-walled nanotubes ͑SWNTs͒ or SWNT bundles may be used for fabrication of nanoelectrodes based on the shadow mask method as pioneered by Dolan in 1977. 17 Recently, Lefebvre et al. 18 fabricated nanoelectrodes with a gap of ϳ30 nm using a multiwalled nanotube ͑MWNTs͒. However, in that method the nanotube was randomly dropped on the substrate, and thus the nanoelectrodes cannot be controllably fabricated. In this article, we report an controlled placement of a single bundle of SWNTs directly across two electrodes using an ac electric field and fabrication of nanoelectrodes with a gap of ϳ35 nm based on shadow mask evaporation. The controllability can be achieved by the design of the metal electrodes.
II. CONTROLLED PLACEMENT AND ALIGNMENT
As mentioned above, placement of an individual carbon nanotube on the predetermined electrodes using alternative methods other than STM and AFM is crucial for applications of carbon nanotubes to nanoelectronics. The principle of the controlled placement of nanotubes is schematically shown in a͒ Electronic mail: zhichen@engr.uky.edu Fig. 1͑a͒ . A carbon nanotube is polarized by the ac electric field and the net electrostatic forces produced by polarization attract the nanotube to the electrodes with orientation along the direction of the electric field. 15 In order to achieve controlled placement of one nanotube in one pair of electrodes as shown in Fig. 1͑b͒ , the shape of electrodes and the concentration of nanotubes in the solution are important. Zhang et al. 19 suggested that the mechanism for direct current ͑dc͒ electric-field-directed growth of SWNTs is the torque on the dipole moment that is caused by static polarization. In this case, one end of the nanotube is fixed on the catalyst and the other end is dangling. The dangling end is subjected to the torque, which rotates and aligns the tube with the field. As suggested by Chen et al., 15 the mechanism for the electric field assisted alignment is electrostatic force. In the electric field alignment case, nanotubes are in suspension with both ends of the nanotubes dangling. When the conductive nanotubes are placed under the electric field, opposite charges are induced on both ends of the nanotubes. The electric force applied on both ends of the nanotube may attract the tube to the tips of the electrodes ͓see Fig. 1͑b͔͒ . It is observed in our experiments that more nanotubes were found at the edge of the metal electrodes, where a much stronger field is available. This inspired us to design the electrodes to achieve controllable placement of carbon nanotubes ͑CNTs͒ ͓see Fig. 2͑a͔͒ . Because of the strong electric field at the tip of the two electrodes, carbon nanotubes will be aligned across two electrodes with the shortest distance d. If Dϭ100 m and dϭ1 m are chosen, the electric field at the tips is 100 times stronger than that in other locations. Thus it is highly likely that CNTs are placed at the tips of the electrodes. The concentration can be explored in a series of experiments. The process steps for placement of nanotubes on metal electrodes using an ac electric field are as follows.
By using dry oxidation a 200-nm-thick oxide layer was grown on a n-silicon ͑100͒ substrate. A positive photoresist ͑PR͒ layer was patterned by photolithography, followed by thermal deposition of an aluminum layer of 50 nm. After liftoff, the electrodes with the smallest gaps being about 1.5 m were obtained. Figure 2͑a͒ shows the patterns of the electrodes with a length L ranging from 5 to 20 m and a width d ranging from 1-2 m.
SWNT bundles with an average outer diameter of 25-30 nm and a length of 2-5 m were provided by Carbolex, Inc., Lexington, Kentucky. Original SWNT bundles of 100 mg were roughly purified by removing remaining catalyst particles in HNO 3 ͑70%͒ for 60 min. A regular filter paper with pores of ϳ25 m was used to filter out the solution. SWNT bundles remaining on the paper were then transferred into 30 ml alcohol, followed by ultrasonic dispersion for 30 min. The filtration and ultrasonic dispersion were carried out five times to remove the amorphous carbon particles. After the last filtration, nanotubes on the filter paper were weighed and then transferred into a certain amount of alcohol. A transparent waterlike solution with many SWNT bundles was obtained.
Alignment of SWNTs was carried out by applying a 2 MHz, 20 V p-p alternating-current electric field between the electrodes for 10 min in an ethanol solution. On the electrodes with a gap of ϳ1.5 m, there are some separated SWNT bundles lying across the gap. The concentration of aligned SWNT bundles depends on the solution, applied voltage, and alignment time, and the degree of alignment depends on the frequency. Figure 2͑b͒ shows a SWNT bundle of ϳ25 nm in diameter lying across the electrodes. By designing the appropriate size and shape of electrodes, we are able to place only one nanotube on each pair of electrodes.
In order to obtain a single nanotube bundle on a pair of electrodes, the concentration of the solution, electric field, and frequency were studied. It has been found that concentration plays a crucial role in the spacing of nanotubes, while the electric field and frequency play a minor role as long as f Ͼ100 kHz and EϾ5 V/m. Figure 3 shows a typical AFM image of nanotubes aligned across the electrodes in ethanol with a concentration of 0.04 mg/ml by applying a 2 MHz, 20 V p-p voltage. The spacing between nanotubes is ϳ2 m. When the concentration was increased to 0.4 mg/ml, the spacing was reduced to 0.2 m, and when the concentration was reduced to 0.004 mg/ml, the spacing was increased to 10 m. Therefore, we can obtain a single nanotube bundle on 5-m-long electrodes using concentration of ϳ0.004 mg/ml.
As shown in Fig. 4 , the electrical measurement was carried out on the aligned SWNT bundle. The current-voltage measurement using the Agilent 4155A semiconductor parameter analyzer shows nonlinear characteristic which is similar to that of the metal-semiconductor-metal structure before thermal annealing for ohmic contacts. Even if the voltage from Ϫ1 to 1 V is applied, the nonlinear effect is still clear as shown in the inset of Fig. 4 . The current increases rapidly when the bias voltage is more than 5 V. This phenomenon may be explained by two back-to-back Schottky diodes. The nanotube-metal contact may be considered as a Schottky diode. When a bias voltage is applied to the electrodes ͑no matter how the voltage is polarized͒, one of the two Schottky contacts must be reverse biased. If these diodes are ideal, no current should pass through the structure. However, when the reverse-biased electric field is too high, impact ionization may occur and induce a large amount of electrons. The energetic electrons may overcome the energy barrier or tunnel through the barrier, resulting in a rapid increase in current when the voltage is more than 5 V. This electrical measurement suggests that the carbon nanotube is physically connected to the metal electrodes.
III. FABRICATION OF NANOELECTRODES
We developed an approach using a double-photoresistlayer structure with a metal film sandwiched between the layers. Figure 5 shows the fabrication process for the nanoelectrodes. First, the silicon wafer is thermally oxidized to obtain a few hundred Å oxide. A positive photoresist ͑PR͒ layer was spun onto the Si wafer. This PR layer was hard baked at 140°C for 40 min to serve as support for suspended carbon nanotubes later ͓see the lower PR in Fig. 5͑a͔͒ . An aluminum layer of 100 nm was deposited on top of the hardbaked PR layer ͓see the metal in Fig. 5͑a͔͒ . Another PR layer was spun onto the substrate to form a structure of double PR layers with an Al layer sandwiched between them ͓see the top PR layer in Fig. 5͑a͔͒ . The entire structure was baked again. The top PR layer was patterned by photolithography ͓see Fig. 5͑a͔͒ and the Al layer was etched by the wetchemical solution (7.3HNO 3 :74.1H 3 PO 4 :18.5H 2 O), then diluted ͑to 300 times H 2 O) so that the underlying hard-baked lower PR layer was exposed, as shown in Fig. 5͑b͒ . Both the top PR layer and the exposed lower PR layer were etched away by reactive ion etching ͑RIE͒ in oxygen at 200 W, except for the metal layer and the PR beneath the metal ͓see Fig. 5͑c͔͒ . This occurred because the metal layer protected the PR layer beneath it from the plasma etching ͓see Fig.  5͑c͔͒ . Before alignment of CNTs on the metal electrodes, purification of carbon nanotubes and preparation of suspension were carried out as described above. The fabricated metal electrodes were immersed into the above solution and applied with 20 V peak-to-peak voltage at 2 MHz for ϳ10 min. After alignment, the wafer was blow dried. Figure 6͑a͒ shows a suspended SWNT bundle ͑ϳ25 nm in diameter͒ on the two metal electrodes. The suspended carbon nanotube bundle was used as a shadow mask for metal evaporation ͓see Figs. 5͑c͒ and 6͑b͔͒. After evaporation of Al, the diameter of the nanotube bundle was increased to 62 nm as shown in Fig. 6͑b͒ , because of deposition of Al on the surface of the nanotube bundle. After dissolving the PR supporters, the electrodes with a nanoscale gap of ϳ35 nm were obtained as shown in Figs. 5͑d͒ and 6͑c͒ . It can be seen that the gap ͑35 nm͒ of the electrodes is less than the diameter ͑62 nm͒ of the carbon nanotube bundle coated with Al ͓see Fig. 6͑b͔͒ .
In order to determine the final gap size accurately, a simple geometric relation among the evaporation source, the nanotube, and the substrates was studied. Figure 7 shows the detailed locations of the source, the nanotube, and the substrate. Because of the angle , the shadow area is less than the diameter of the nanotube. The angle can be expressed as
where L is the size of the source for evaporation and ␦ is the actual nanogap or the shadow size. H is the distance from the source to the substrate. In our case, Lӷ␦, because ␦ is less than 100 nm while L is in millimeter scale. Thus,
Schematic for fabrication of nanoelectrodes: ͑a͒ an Al layer is sandwiched between two PR layers and the top PR layer is patterned by photolithography; ͑b͒ the Al layer is etched away; ͑c͒ the lower PR layer serving as a removable supporter is patterned by reactive ion etching ͑RIE͒. Meanwhile, the top PR layer is also removed by plasma and nanotubes are aligned on the metal electrodes by the ac electric field; and ͑d͒ nanoelectrodes are obtained after deposition of metal and dissolution of the PR supporter in the PR remover.
FIG. 6. SEM images of the fabrication process: ͑a͒ a bundle of nanotubes suspended on the metal electrodes supported by the PR layer, corresponding to the case in Fig. 4͑c͒ ; ͑b͒ the shadow beneath the nanotube is observed after deposition of Al; and ͑c͒ after removing the PR, the Al electrodes with a gap of 35 nm are obtained.
FIG. 7.
Locations of the source filament, the CNT, and the substrate in the evaporation chamber.
For a typical evaporation system with a filament Lϭ10 mm and Hϭ200 mm, we obtain ϭ2.86°, which is very small. The size of the nanogap or the shadow area is expressed as ␦ϭdϪ2⌬d,
͑3͒
where d is the diameter of a CNT and ⌬d is the partial shadow area:
͑4͒
The angle between the orientation of the filament and the longitude of the nanotube influences ⌬d. If the orientation of the filament is perpendicular to that of the nanotube, L is at the maximum ͑10 mm͒. If the orientation of the filament is parallel to the orientation of the nanotube, L is at the minimum, which is the diameter of the filament ͑4 mm͒. The above equation can be used to explain the size difference ͑ϳ27 nm͒ between the nanotrench and the Al-coated SWNT bundle as shown in Fig. 6͑b͒ . During evaporation, the orientation of the nanotube is aligned with the filament, the size of the source is Lϭ4 mm, Hϭ200 mm, and Dϭ1300 nm, which is the total thickness of the photoresist ͑1200 nm͒ and the metal film ͑100 nm͒. After evaporation, the diameter d of the nanotube bundle coated with Al became 62 nm, which is much larger than that ͑25 nm͒ before evaporation. Based on these data and Eq. ͑4͒, ⌬dϷ13 nm is obtained, and using Eq.
͑3͒ the gap ␦Ϸ36 nm is obtained, which is in excellent agreement with the experimental data ͑35 nm͒, as shown in Figs. 6͑b͒ and 6͑c͒. The advantage of the above process is that the gap size of the nanoelectrodes can be adjusted through adjustment of the distance H between the source and the substrate, as shown in Table I . In this way, the gap size ranging from 10 to 50 nm can be achieved.
IV. SUMMARY
In summary, a fabrication process for nanoelectrodes with a nanogap of ϳ35 nm is presented. This process is based on electric-field-induced alignment of carbon nanotubes on metal electrodes using an ac electric field. Because the alignment is dependent on the strength of the electric field, it is possible to achieve controllable placement of carbon nanotubes by the design of the metal electrodes. A single bundle of single-wall nanotubes was placed between two electrodes. Electrical measurement of the SWNT bundle through the two metal contacts shows nonlinear current-voltage characteristics similar to those of the two back-to-back Schottky diodes. The nanoelectrodes were fabricated using a single bundle of SWNTs as a shadow mask. The SWNT bundle was suspended on the metal electrodes on top of the photoresist supporter using ac electric-field alignment. After evaporation of Al, nanoelectrodes with a gap of ϳ35 nm were successfully obtained. It is feasible to fabricate nanogaps ranging from 10 to 50 nm through adjustment of the distance from the source to the substrate. This fabrication process may find applications in molecular-electronic devices. Fig. 6͑c͒ .
